We report temperature-dependent neutron scattering measurements of the local dynamic structure factor in the quantum spin ladder (C7D10N)2CuBr4 in a magnetic field H = 9 T, in its gapless quantum-critical phase. We show that the measured quantity has a scaling form consistent with expectations for a Tomonaga-Luttinger liquid with attraction. The measured Luttinger parameter K ≈ 1.25 and scaling function are in excellent agreement with first principles DMRG calculations for the underlying spin Hamiltonian.
Landau's Fermi liquid theory is the basis of our understanding of interacting fermions, be it metals or neutron stars [1] [2] [3] [4] . Landau's main argument regarding the stability of quasiparticles breaks down in low dimensions. Interestingly, in one dimension, interacting fermions still bear a unified description, known as the TomonogaLuttinger liquid (TLL) [5] [6] [7] [8] . All low-energy properties of such fermions, including thermodynamics, correlation functions, susceptibilities, etc., are predicted to be universal in that any details of the interaction potential are irrelevant. Instead, the interactions are characterized by a single dimensionless quantity, known as the Luttinger parameter K. Free fermions correspond to K = 1, K < 1 implies repulsive interactions, and fermions with attraction have K > 1.
Experimental validations of this astonishingly strong statement of universality are of utmost importance. The most obvious model systems are one-dimensional metals in charge-transfer salts [9] , quantum wires [10] and quantum Hall effect edge states [11] . However, TLLs with the most experimentally accessible correlation functions are found in seemingly unlikely places, namely in magnetic insulators. According to Haldane's famous conjecture [12] , at low energies, all gapless one-dimensional quantum spin systems can be mapped into interacting fermions. The benefit of such mapping is that spin correlations can be directly probed with neutron scattering, NMR, ESR and other techniques. A huge success of this approach were measurements of universal finite-temperature scaling laws for correlation functions in Heisenberg S = 1/2-chains [13, 14] . Similar work was done on non-TLL critical systems, such as gapless spin ladders with cyclic exchange [15] . However, Heisenberg spin chains are but a very particular case of a repulsive TLL, with K = 1/2 [8, 16] . Fermions (electrons) in quantum wires and onedimensional metals are also repulsive. Very recently, it was shown that an attractive TLL, where the behavior is expected to be qualitatively different, can be realized in a strong-leg S = 1/2 Heisenberg spin ladder in magnetic fields [17, 18] . In this work we use neutron spectroscopy to observe distinctive finite-T scaling of local temporal correlations in such a system. Specifically, we find that the measured scaled local dynamic structure factor T 1/2K−1 S(ω) is a universal function of ω/T in wide temperature and energy ranges with K > 1.
Our target material, (C 7 D 10 N) 2 CuBr 4 (DIMPY for short) is arguably the best known realization of the AF S = 1/2 Heisenberg ladder model [17, [19] [20] [21] . The magnetic properties are due to Cu 2+ cations linked in ladder structures by superexchange pathways via Br − anions [20] . Organic ligands act as spacers between these ladders in the monoclinic crystal structure, providing excellent one-dimensionality. The spin Hamiltonian of DIMPY is well established through a quantitative comparison of inelastic neutron scattering spectra and thermodynamic data to first principle Density Matrix Renormalization Group (DMRG) calculations [20, 21] . The two ladder exchange constants are J = 1.42 meV, J ⊥ = 0.82 meV for the leg and rung, respectively. Inter-ladder interactions are as small as J 6 µeV [17] . The ground state is a spin singlet with a gap ∆ = 0.33 meV. A gapless quantum-critical phase is induced in DIMPY by external magnetic fields exceeding H c1 2.6 T [17, 18, 22] .
Previous DMRG calculations have shown that above H c1 DIMPY is an attractive TLL in a wide range of fields [17] . This has recently been confirmed by NMR experiments [18] . Still, measuring the relevant temporal correlations experimentally is far from straightforward. Most of the observable spectral features are specific to spin ladder physics and are not related to TLL dynamics [22] . TLL excitations are revealed only at the lowest energies, and are barely discernible in previous measurements due to limited energy resolution. Therefore, our new experiments, while using the same sample and the LET neutron spectrometer [23] at ISIS as in previous studies [22] , took advantage of a different instrument configuration with a lower neutron incident energy E i = 2.2 meV. This allowed us to achieve a calculated energy resolution . The boundary shows the region in energy-momentum space, used in the analysis. b) Constant energy cuts with the q integration range highlighted. All the data is background and structure factor corrected, as described in the text. Solid lines correspond to the TLL theoretical prediction convoluted with the spectrometer resolution. of δE ∼ 20−30 µeV, depending on energy transfer. Typical data collected at H = 9 T and T = 59 mK in this mode are shown in Fig. 1a . The false color plot is that of the dynamic structure factor S(q , ω), where q = (Q · a) is the momentum transfer along the crystallographic a axis (along the ladder legs). As explained in detail in Refs. [20, 21] , these data almost entirely show antisymmetric ladder correlations.
Previous DMRG calculations identified all the main components of the excitation spectrum [22] . Thus, we know that the prominent gapped incommensurate excitations seen at H = 9 T at around ≈ 0.8 meV energy transfer are due to longitudinal spin correlations S zz and are not TLL-related. Since they can not be avoided in the experiment, in our analysis we shall only consider the data below 0.5 meV energy transfer. The scattering at these low energies is a V-shaped continuum visible in Fig. 1a around the commensurate point q = π. It is due to correlations between transverse spin components with the corresponding structure factor S ±∓ [22] . This structure factor is representative of TLL correlations, and is the main focus of this study. The slope of the lower bound of the observed continuum corresponds to the Fermi velocity of the TLL. The experimental value u = 1.98 ± 0.02 meV is in excellent agreement with the DMRG result u = 1.91 meV [24] for DIMPY at H = 9 T [17] . DMRG additionally predicts incommensurate gapless excitations centered around q = π(1 ± 0.36). However, their intensity is calculated to be two orders of magnitude smaller numerically, and they are not visible experimentally. In our analysis this contribution to low-energy scattering will be disregarded.
Having chosen a suitable measurement window and identified the relevant inelastic neutron scattering signal, we still need to ensure that the TLL mapping remains valid in that range. The essence of the TLL model are i) a linear dispersion relation for the fermions and ii) an infinitely deep Fermi sea. It is a valid approximation only if the experimental energy transfers and temperature do not probe the actual Fermi sea too deeply or extend to non-linear dispersion regimes. Looking at previous DMRG calculations for S ±∓ (q , ω) at a similar field H = 7 T, we conclude that in our case i) holds to at least 1 meV energy transfer. At H = 9 T the depth of the Fermi sea is ∆ F = gµ B (H − H c1 ) ∼ 0.77 meV. Since we have already limited ourselves to excitations below 0.5 meV, the TLL model should be applicable with a good safety margin, as long as we also limit the experimental temperatures to T < 5 K∼ 0.5 meV/k B . Constant-energy cuts from two data sets collected at base temperature and at T = 3 K are shown in Figs. 1b  and 2b , respectively. Here the background, measured in zero applied field at base temperature, as described in Ref. [22] , was subtracted. In addition, the intensity was corrected for the magnetic form factors of the spin ladder and Cu 2+ ions. At H = 9 T, the finite momentum resolution of our experiments prevents us from discerning any internal structure of the excitation continuum below 0.25 meV energy transfer. As done previously for S = 1/2 chain systems [13, 25, 26] , this problem was entirely avoided by integrating the dynamic structure factor over q . The integration range was limited to the trapezoidal areas indicated in Figs. 1a and 2a, to avoid picking up additional noise. The resulting momentum-integrated structure factor is the local temporal transverse spin correlation function in frequency representation S ±∓ (ω). It is similar to the quantity obtained from 1/T 1 NMR relaxation rates, except that the latter corresponds to a single very low energy transfer. In contrast, our S ±∓ (ω) data reliably cover the range 0.07-0.5 meV and were collected at temperatures 0.06-5 K. Fig. 3 , with the scaling exponent γ = −0.58 (K = 1.20) derived from the Heisenberg spin Hamiltonian of DIMPY at H = 9 T using first principles DMRG calculations [17] .
FIG. 4. As in
We chose to analyze these data in two separate stages. First, we consider the temperature dependence of the measured structure factor without referring to specific results for the TLL. In fact, our only starting consideration is that the magnetized spin ladder is in a quantum critical state [27] , and that S ±∓ is precisely the critical correlation function. In this case, the only relevant energy scale is temperature itself, so that the shape of S ±∓ is a function of single variable of ω/T . One can then expect the following scaling form for this quantity [28] :
If so, with an appropriate choice of the scaling exponent γ we should observe a data collapse for measurements collected at different temperatures. For illustration purposes, Fig. 3a shows scaling plots of our data obtained with three different exponents. For γ = 0 and γ = −0.9 there is obviously no data collapse, the data discontinuities being indicated by arrows. To find the "best" scaling exponent, we introduced an ad hoc measure of the quality of data overlap
where σ n,i = S(T n , ω ni )/(k B T n ) γ , i, j enumerate the nearest-neighbor pairs of points in data subsets T n and T n+1 , and ∆σ n,i is the corresponding error. Having established the scaling form of the local dynamic structure factor experimentally, we can compare the result to predictions of TLL theory. In this model the dynamic structure factor scales with a known scaling function and exponent [8, 28] :
Integrating over momentum, and comparing this to Eq. 1 yields γ = 1 2K − 1. From the experimentally determined scaling exponent γ we then get K ≈ 1.25. Thus, we are dealing with one-dimensional fermions with attraction: K > 1. The comparison with TLL theory can be taken further. By integrating the function Φ in Eq. 3 numerically, using K = 1.25 and an arbitrary overall scale factor, we get the solid line shown in Fig. 3a , to illustrate the excellent agreement between experiment and the TLL model.
Our precise understanding of the spin Hamiltonian for DIMPY allows us to make a direct comparison of our experimental findings to first-principles calculations. Using the field dependence of the Luttinger parameter previously calculated for DIMPY using DMRG [17] , for H = 9 T we get K = 1.20 or, equivalently, γ = −0.58. This first-principles scaling exponent is very close to our ad hoc experimental estimate. In fact, it gives a data collapse that is almost as good. The scaling plot of our data made using the first-principles value is shown in Fig. 4 . For comparison, in Fig. 4 , the solid line is the theoretical scaling function F , as obtained by integrating Eq. 3, using the DMRG result for K.
Equation 3 can now be used to model the entire energy and wave vector dependent scattering intensity measured in our experiments. Numerically convoluting the analytical expression with the calculated spectrometer resolution, we get constant-energy cuts shown in solid lines in Figs. 1b and 2b. Note that the only adjustable parameter in this fit is a single overall scaling factor for all temperatures and energies. Considering the experimental noise and systematic errors due to background subtraction, the level of agreement with experiment is remarkable.
In summary, we show that the local dynamic structure factor for a magnetized strong-leg quantum spin ladder has a finite-temperature scaling form expected for a quantum-critical system. The experimentally determined scaling exponent and scaling function are in excellent agreement with those for an attractive TomonagaLuttinger liquid. In fact, the results are fully consistent with first principles calculations for the particular model spin Hamiltonian of the target compound.
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